The tautomerism of some substituted 2-hydroxypyridines is investigated by UV/Vis-and 1 H-, and 13 C-NMR spectroscopic methods, with the aid of the N-Me and O-Me fixed parents. NMR spectroscopic data do not allow discrimination between the two tautomeric forms (with the exception of the unsubstituted 2-hydroxypyridine), while UV/Vis-data permit the quantitative determination, in different solvents, of the amounts of the two forms. The electronic substituent effect and the change of solvent are discussed. An X-Ray diffraction study carried out on a crystal of 2-hydroxy-5-nitropyridine (7) reveals that this compound, in the solid state, is in the oxo-form.
Introduction
Our interest is in the prototropic equilibrium in heterocyclic aza-containing series 1 as shown in 
Scheme 2
In the six-membered ring series (pyrimidine, pyridine) the amino aromatic tautomer is (in every case) the predominant species, while in the penta-atomic series (1,3-thiazole) when X is a strong electron-withdrawing group, form B may predominate, depending on the polarity of the medium. [2] [3] [4] In the thiazole series, the position of the tautomeric equilibrium of Scheme 2 is scarcely affected by change of the substituent on the thiazole moiety.
The continuing interest in the hydroxypyridines 1-3 (Scheme 3) arises from the fact that these simple compounds may be used as models to explain the behavior of more complicated systems such as nucleic acid bases.
Recently, we reported data on the reactions of the three isomeric hydroxypyridines 5 and of cytosine, thymine and uracil 6 toward 1-chloro-2,4,6-trinitrobenzene. In some cases, the electronic interactions between the hydroxy-and aza-group may explain the reactivity and the regioselectivity of the reactions of these compounds with the electrophilic reagent used. 
Scheme 3
Among the three isomeric hydroxypyridines 1-3, the reactivity and tautomeric properties of 2-hydroxypyridine (1) have been most studied.
In general, 7 it is known that 2-hydroxypyridine, in the condensed phase, is in an oxo-amido form B, and is in the imido aromatic form A in dilute gas phase, as shown in the equilibrium of Scheme 1. However, when particular substituents are bonded to the pyridine ring, the form B may be the more populated form in the condensed phase too. Kinetic investigations on some substituted 2-hydroxypyridines in solvents under experimental conditions which favor the contemporaneous presence of both tautomers have been reported. [8] [9] [10] [11] In order to collect further information on the influence of substituents bonded to the heterocyclic ring, upon the position of the tautomeric equilibrium, we report investigations performed by UV/Vis-and 1 H-and 13 C-NMR spectroscopic methods of some 2-hydroxypyridines and of their fixed parents (Scheme 4). The effect of the change of the substituent on the position of the tautomeric equilibrium of Scheme 4 is also investigated in different solvents, including polar, apolar, protic, and aprotic solvents (DMSO, THF, MeOH, CH 2 Cl 2 , CCl 4 ). Some solvent/water mixtures are also investigated.
X = H (1-OMe), 6-Cl (4-OMe), 6-OCH 3 (6-OMe), 5-NO 2 (7-OMe) X = H (1-NMe), 6-Cl (4-NMe), 6-OCH 3 (6-NMe), 5-NO 2 (7-NMe)
Scheme 4
Particular attention was devoted to 2-hydroxy-5-nitropyridine (7), on which a few data are in the literature. The crystal structure of 7 has also been ascertained by X-ray diffraction analysis.
Results and Discussion

H-and 13 C-NMR spectroscopic data
To obtain information on the relative population of tautomers of the considered hydroxypyridines, we report NMR spectral data of compounds 1,4,6,7 and of the related "fixed parents" in a weakly polar solvent (CDCl 3 ) and in a polar solvent (DMSO-d 6 ). The data are collected in Tables 7 and 8 in the Experimental section, and they agree with available literature  data (see references cited in Tables 7, 8) . Some main considerations worthy of attention are as follows: 1) In agreement with Philipsborn's reports, 12 compound 1 is mainly in the oxo-form B in both solvents.
2) 2-Hydroxy-6-chloropyridine (4) and 2-hydroxy-6-methoxypyridine (6) are probably in form A in both solvents (CDCl 3 and DMSO) because they show proton signals similar to those of theOMe derivative, but the differences are too weak to discriminate with certainty between the two forms. 3) Both the 1 H-and 13 C-NMR signals of 2-hydroxy-5-nitropyridine (7) in DMSO-d 6 and in CD 3 OD indicate that 7 is mainly in form B. However, the spectroscopic data of 7 in DMSO-d 6 and in the presence of an excess of DABCO, are similar to that of compound 7-NMe. As confirmed by UV/Vis-spectroscopic data, the presence of the anionic form of 7 complicates the spectral analysis. In CDCl 3 the NMR spectroscopic data cannot discriminate between form A and B. UV/Vis-spectroscopic data To evaluate the position of the tautomeric equilibrium of Scheme 4 we recorded the UV/Visspectra of compounds 1, 4, 5, 6, 7 and of the related methyl derivatives, where the methyl group is bonded to the endocyclic nitrogen or to the exocyclic oxygen atom of the potential OH group. Spectroscopic data are reported in the Experimental Section.
It is of interest to observe that for all the compounds considered, i.e., both the potential tautomers and the fixed parents, and for all the solvents considered, the Lambert-Beer law is followed well in the concentration range from 2x10 -5 to 2x 0 -4 . Hydroxypyridines are well known to have a self-association (dimerization) equilibrium. 13 In the range of concentration values used here, the possible dimer formation does not influence the spectroscopic data. From the analytical data, K Tapp are calculated by using literature methods, 14 and are reported in Table 1 . In agreement with the data in Table 2 , and with some literature reports, 8, 11 considering the medium's polarity, as expressed by Dimroth's parameter, E T , the plot of Figure 1 shows that the protic solvent does not cause any peculiarity with respect to the aprotic solvent.
Figure 1. Log K T values versus Dimroth solvent parameters.
The main parameter to determine the position of the tautomeric equilibrium appears to be the medium's polarity and not its proticity. This behavior disagrees with a possible 9 pathway for the tautomeric displacement involving the solvent's proton-donor ability. For all the hydroxypyridines considered, CCl 4 deviates from the linearity. Probably, for this solvent, which is highly associating, the dimer mechanism is an important pathway to the tautomerism because the "dimer's" presence is indicated to favor the form B.
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Usually, the dimer is present more in a more associating solvent: thus CCl 4 favors the selfassociation of 2-hydroxypyridines more than THF, DMSO, and water. DMSO and water do not favor self-association of 1 and of related compounds, with the exception of the model compounds of course. In these solvents the form B is more populated than form A, indicating that another mechanism, different from the dimer mechanism (Scheme 5), may operate in these solvents.
Probably, other parameters, such as the ability of the solvent to have hydrogen-bonding interactions, operate in stabilizing a tautomeric form. 
Scheme 5 Electronic effect of substituents and solvent change
Even if the number of substituents used here does not allow a full data dissection, some indications are worthy of consideration. For all solvents, the best fit of data of Table 1 in the Hammett treatment of the electronic effect of substituents, is given by using the substituent constant σ I . 16 ρ Values for the solvents considered are high and negative (see Table 3 ). In principle, the use of σ I values and the calculated ρ values may be explained in two main ways.
(a) The substituents mainly affect the acidity of the O-H bond which influence the position of the equilibrium.
Position 6 of the pyridine ring is a meta-like position with respect to position 2 bearing the O-H group. Consequently, from the group in position 6 to the group in position 2 the main electronic effect is inductive in character, in agreement with the use of σ I values. This explanation does not agree with the use of the σ I value of the nitro group bonded on position 5, because position 5 is para-like with respect to position 2, but it is meta-like with respect to the "aza" nitrogen.
(b) The substituent effect mainly acts on the N-H bond. When the protonation equilibrium of 2-substituted pyridines 17 (or of other related "aza"-containing heterocycles) 18 is considered, as reported in Scheme 6, the best fit is obtained by using σ meta values. In these cases the ρ value is very high and negative (ρ = -11.8). The high ρ value is explained by the fact that the reaction center of the equilibrium of Scheme 6 (the "aza" nitrogen) and the 2-substituent are bonded to the same carbon atom in the heterocyclic ring.
Clearly, the ρ values reported here are much lower than that required for the simple protonation shown in Scheme 6.
For the same substituents considered here, the 
Scheme 7
Probably, the ρ value of -4 arises from a balance of two main effects; the acidity of the N-H bond of form B and (less relevant, because further away from the substituent) the proton affinity of the oxygen atom to yield form A. This conclusion supports the "dimer" mechanism, as reported in Scheme 5.
Of course, it is not necessary to involve a cyclic dimeric form, but the bimolecular proton transfer may occur by an equilibrium, as shown in Scheme 8. 
Scheme 8
In the proton transfer of Scheme 8, the intervention of the solvent may occur in two ways, by substituting the proton acceptor molecule or (when polar) by stabilizing the ion pairs 8.
The variations in the ρ value observed when the solvent is changed are slightly higher than the errors, calculated as standard deviation (mean 4±0.6, range 1.4). This is an indication that the importance of the electronic (inductive) effect of the substituent is similar for all the solvents considered. With respect to the solvent, the ρ values may be assessed on the scale DMSO>THF>CCl 4 , CH 3 OH>H 2 O. The electron-withdrawing ability of substituents is more important in stabilizing form B in DMSO than in water. This fact confirms that the solvent polarity is the main parameter in stabilizing form B. Other possible parameters such as the proton-donor ability of the solvent are probably of little importance.
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We emphasize that the change of solvent involves polar protic solvents (water, methanol), polar aprotic (dimethyl sulfoxide), poorly polar (tetrahydrofuran) and apolar solvents (carbon tetrachloride and dichloromethane). Electron-withdrawing substituents clearly (strongly) favor the lactim form A. Further evidence for the preferred stability of lactim forms comes from computational studies. 20 Table 4 reports the effect of the changes of the temperature on [B]/[A] ratios in a mixed solvent (THF/H 2 O). The spectroscopic data obtained at different temperatures, for compounds 4 and 6 in THF/water mixtures indicate that the equilibrium is strongly affected by changes in temperature. An increase in temperature produces an increase of the species A and a decrease of species B. In the case of 2-acetamidothiazoles, we reported 4 that this behavior applies independently from the used substrates, and for all the added polar solutes. The present data agree with this conclusion, which may be considered of general application. Table 4 reports data on the effect of the changes of the temperature on the K T values: this behavior agrees with literature data. [8] [9] [10] [11] [12] From the data of Table 4 it is possible to calculate the thermodynamic parameters, -∆H (kJ mol -1 ) (6.2±0.1) and (9.7±0.3), -∆S (J mol -1 K -1 ) (23±0.1) and (34±0.3) for hydroxypyridines 6 and 4, respectively [errors are calculated as standard deviation]. The ∆S values agree with a multi-step mechanism, such as the associating pathways of Schemes 7 and 8.
Effect of changes of temperature
2-Hydroxy-5-nitropyridine (7)
Compound 7 deserves some consideration. The NOE experiments performed by irradiating the N-H signal of a solution of 7 in DMSO-d 6 show an enhancement of the H-6 signal, indicating the proximity of H-6 to the acidic proton. This fact agrees with the tautomer 7B (Scheme 10) or with the dimer 7C (Scheme 11). The presence of a 7D-like specie, arising from self-protonation equilibrium, is hardly probable under our experimental conditions. Attempts to perform NOE experiments in other solvents failed. 
Scheme 11
Molecular structure of 7 The molecular structure of 2-hydroxy-5-nitropyridine (7) is shown in Figure 2 and relevant bond lengths and angles are reported in Table 5 . (Table 6 ) and 2-hydroxy-5-chloropyridine 22a which appears in the keto form.
The C-C distances show a considerable degree of variability and fall in the range 1.342-1.428 (4) (Table 6 ). A comparison of the relevant bond lengths among 7, 2-pyridone and 2-hydroxy-6-chloropyridine 22b (Table 6) shows that in the latter compound's adopting the enol form the C2-O1 bond is significantly longer than in 7 and 2-pyridone. Conversely the C2-N1 interaction in 2-hydroxy-6-chloropyridine is shorter than in 7 and 2-pyridone. Table 6 . Selected intra-and inter-molecular distances (Å) and assigned structure in crystals of compounds 7, 1 and 4. 
Conclusions
The main conclusions of the present investigation may be summarized as follows:
i) The electronic effect of substituents bonded at position 6 of the 2-hydroxypyridine derivatives is inductive in character and strongly influences the position of the tautomeric equilibrium. The electronic effect probably involves a balance of the acidity of the N-H group of form B and of the O-H group of form A.
ii) A consequence of the electron-withdrawing effect is that 2-hydroxy-6-chloropyridine and 2-hydroxy-6-methoxypyridine are mainly in the "aromatic form" A, while 2-hydroxypyridine and 2-hydroxy-6-methylpyridine are in form B.
iii) The role of the solvent in affecting the position of the tautomeric equilibrium is connected with its polarity, while the proticity of the solvent appears to be unimportant. iv) X-Ray diffraction indicates that 2-hydroxy-5-nitropyridine, in the crystal, is in the oxo form B, while in solution both forms may be present.
Experimental Section
General Procedures. 1 H-and 13 C-NMR spectra were recorded on a Varian Gemini spectrometer at 300-and 75.46 MHz, respectively. Tables 7 and 8 report the main NMR spectroscopic data. Chemical shifts are referred to solvent peaks, and are unaffected by the concentration of 2-hydroxypyridines in the range 1x10 -2 to 1x10 -3 mol dm -3 . J values are given in
Hz. The different NOE measurements were carried out in solutions purged of dissolved oxygen using a nitrogen stream, by pre-saturating the signal for about 10 s and acquiring the spectrum with the decoupler turned off. The various lines of the multiplets were saturated by cycling the irradiation frequencies about 40 times. A program which accumulates the difference between the two FIDs (that being irradiated and that acquired with the irradiation frequency kept away from any signal) was employed. The control spectrum was subsequently acquired with half the number of scans. UV/Vis spectra were recorded with Perkin-Elmer Lambda 5 and Lambda 12 spectrophotometers with a thermostatic bath (±0.05°C). Table 9 reports selected UV/Vis spectroscopic data.
Materials.
Pyridine derivatives were prepared and purified by the reported procedures.
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Solvents were commercial samples (Carlo Erba, RPE) purified by the usual procedures. X-ray data collection and structure refinement. A suitable crystal of 2-hydroxy-5-nitropyridine (7) was mounted on a glass fiber in air on a Bruker-AXS SMART CCD area detector diffractometer. The detector to crystal distance was 5 cm. The diffraction experiment was carried out at room temperature. The initial cell parameters and an orientation matrix were obtained from least-squares refinement on reflections measured in three different sets of 20 frames each, in the range -15 < ϑ < 15°. The intensity data comprising a hemisphere were collected using the ω-scan technique with frame width set at 0.3°. The first 50 frames were remeasured at the end of data collection to monitor decay. The collected frames were then processed for integration by software SAINT and an empirical absorption correction was applied by SADABS. 29 The structure was solved by direct methods (SIR97) 30 and refined by full-matrix least-squares on F 2 using SHELXTL. 31 Anisotropic displacement parameters were assigned to all non-hydrogen atoms in the structure. All hydrogen atoms were located in the Fourier map but added in calculated positions, apart from the hydrogen atom on nitrogen.
Crystallographic studies of 2-hydroxy-5-nitropyridine (7) 
